For example, deuterated and tritiated compounds are used as labeling entities in NMR spectroscopy, for drug development and for studies of metabolism processes. [7, 8] Deuterated markers are also considered for the identification of illegally mixed diesel oil. [9, 10] Moreover, deuterated compounds have become increasingly attractive for material science. Thus deuterated polymers can be superior in comparison to their non-deuterated counterparts, that is in organic lightemitting diodes (OLEDs) and for optical communication or high-speed telecommunication systems. [11] [12] [13] In general, these aspects result in an increasing interest in the development of mild catalytic deuterium-labeling processes.
H/D exchange processes are frequently performed with deuterium sources such as [D 6 ]benzene or [D 6 ]acetone, deuterated alcohols and in some cases with deuterium oxide. [1, 3, [6] [7] [8] [14] [15] [16] [17] [18] To achieve a hydrogen/deuterium exchange at C À H/D bonds under mild conditions, powerful molecular or nanoscale catalyst materials are usually required. [16, 17, [19] [20] [21] [22] [23] [24] [25] For effective conversions often precious and expensive transition-metal catalysts, such as organometallic complexes, metal nanoparticles or metals on carbon or alumina support, are needed. [1, 3, 6-8, 14-18, 20, 21, 24] H/D exchange reactions at alkanes have been described in liquid superacids at low temperature, [26, 27] at platinum catalysts of the Shilov or Periana type as well as at precious metals/C being active within a temperature range of 160-250 8C. [9, 15, [28] [29] [30] Non-transition-metal catalysts for the efficient deuteration of alkanes are rare. Lewis acidic zeolites promote the H/D exchange between branched alkanes at temperatures > 150 8C. The substrate loadings and conversions are usually low, even after prolonged reaction times. [31] [32] [33] [34] [35] [36] [37] However, dehydroxylated metal oxides, especially g-Al 2 O 3 , catalyse H/D exchange, for example, at methane, at room temperature, when treated beforehand at 400 8C. [38] Lewis acids such as AlBr 3 , EtAlCl 2 or MoCl 5 catalyse efficiently the H/D exchange between arenes, only. [7, 8] We report herein a new catalytic procedure for efficient H/D exchange reactions at aliphatic and aromatic C À H/D bonds. Solid nanoscopic Lewis acids as catalysts enable the generation of deuterated alkanes and benzene at mild conditions. The Lewis acids aluminium chlorofluoride (Al 1.0 Cl 0.13 F 2.87 ; ACF) [39, 40] and high-surface aluminium trifluoride (HS-AlF 3 ) [41] [42] [43] are both capable of the activation of C À H/D bonds at temperatures between 40 8C and 110 8C.
A solution of cyclohexane (0.95 mmol) in C 6 D 6 (0.5 mL, 5.65 mmol) led in the presence of HS-AlF 3 (0.5 mmol; molar ratio CÀH bonds:catalyst = 23) at 110 8C within 22 h to the formation of deuterated cyclohexane and methylcyclopentane (ratio: 88:12 based on GC-MS measurements). We found a conversion of 34 % by NMR analysis, that is 34 % of the alkane C À H entities have been deuterated (Scheme 1, Figure 1 ). ACF showed an even higher catalytic activity for the activation of C À H/D bonds. On using C 6 D 6 as deuterium source a conversion of 63 % for the incorporation of deuterium into the alkane products was obtained at 110 8C (Figure 1 , molar ratio CÀH bonds: catalyst = 23). With ACF the product distribution of deuterated cyclohexane and methylcyclopentane is similar to that one found in HS-AlF 3 . Even lower loadings with ACF as a catalyst revealed a high degree of alkane deuteration with activities similar to those that have been found with HS-AlF 3 at a higher catalyst loading ( Figure 1 ).
In contrast, commercial ultra-dry AlCl 3 does not activate a C À H bond in cyclohexane, but aromatic C À H bonds in toluene were activated in C 6 D 6 solution (> 80 % conversion). [44] This behaviour can be explained by the solubility of AlCl 3 in neat aromatic solvents but its insolubility in alkanes. [45] [a] Dr. M. H. G. Prechtl Thus, we assume that the activation of toluene at AlCl 3 is a homogeneous reaction. HS-AlF 3 and ACF are insoluble in alkanes and aromatic solvents. [45] This is consistent with the occurrence of the carbon-hydrogen bond activation reactions at the surface for the latter fluorides. Note that AlBr 3 also solely cleaves C À H bonds of arenes, because of its solubility in aromatic solvents. [7, 8] The successful deuteration of alkanes by C À H activation implies that deuterated alkanes may act themselves as deuterium source. Therefore, we studied the potential of [D 12 ]cyclohexane as deuterium source in Lewis acid catalysed H/D exchange reactions with benzene as substrate (Scheme 2). High deuterium incorporation with both ACF and HS-AlF 3 as catalysts (0.5 mmol; molar ratio C À H bonds : catalyst = 13) was observed at 110 8C (Figure 2 , 86 % conversion, [D 12 ]cyclohexane (4.63 mmol) and benzene (1.12 mmol)). Note that methylcyclopentane isomers were formed here, too. The high conversion of aromatic CÀH into C À D bonds can be explained by statistical means. Thus, the D/H ratio in the system [D 12 ]cyclohexane/benzene is approximately 9:1 in comparison to the previous system with C 6 D 6 as deuterium source (ratio: ca. 3:1). Consequently, we obtained 1.5-2.5 fold higher conversions. In addition, toluene was successfully deuterated with ACF (79 % deuteration of aromatic CÀH bonds). Here, the deuteration occurred solely at the arene moiety.
Reactions at lower temperatures also led to remarkable high conversions. At 40 8C and 70 8C deuterium incorporation into benzene with 65 % and 81 % conversion, respectively, was achieved with [D 12 ]cyclohexane as deuterium The scope of the method is not restricted to cyclohexane. Cyclopentane, cyclooctane and hexamethylethane can also be deuterated in the presence of ACF at 40 8C with 42 %, 9 %, and 18 % deuterium incorporation into the alkanes, respectively ( Figure 3) . A higher deuteration of cyclohexane, cyclopentane and cyclooctane was achieved after prolonged reaction times. Thus, 45 %, 64 %, and 21 % deuterium incorporation were obtained after 72 h at 40 8C, respectively.
Mechanistically, we presume that in an initial step the C À H/D bonds in the organic substrates RH interact via the sbond with a Lewis acidic surface site at the ACF or HS- 
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AlF 3 (Figure 4) . [46] It has been shown that both aluminium fluoride phases exhibit a huge number of under-coordinated Al surface sites that define the Lewis acidic properties of these catalysts. [45] After coordination the CÀH/D bonds are further activated as the consequence of an interaction of a neighboured fluoride with the H/D atom, which is presumably positively charged. [47] This leads to Al-bound organyl moieties that are carbanionic in character. The presence of adjacent F···D À R and F···H À R sites results in H/D exchange via reversible CÀH/CÀD bond-forming reactions (Figure 4) . Under-coordinated aluminium sites on the catalyst surface have also been discussed for CÀH activation on Al 2 O 3 surfaces to give Al À C bonds.
[38c, 48, 49] 48] An alternative mechanism would involve cationic-like species. Thus, intermediate surface-bound cationic entities reminiscent of carbenium and phenyl cations might be generated by certain surface Lewis acidic sites via an aluminium hydrogen interaction (Figure 4) .
[50] However, for the deuteration of toluene, which occurs at the aromatic ring (see above), one would then expect a preference for the activation of the methyl group via a species which resembles a benzyl cation. Note that we have no indication for FriedelCrafts chemistry.
[51] Yet, we can't exclude traces of adventitious water that could generate strong Brønsted acidic sites by interaction with the surface. These would induce an H/D exchange via protonation.
Nonetheless, the rearrangement of cyclohexane can be rationalized by the formation of surface-adsorbed carbocationic species. At 40 8C in the presence of HS-AlF 3 or ACF, cyclohexane was converted into methylcyclopentane (11 %). On using methylcyclopentane, we found a very similar product distribution of 87 % cyclohexane and 13 % methylcyclopentane, which suggests a rapid establishment of the equilibrium. [52] Please note that the Lewis acidic surface sites at ACF or HS-AlF 3 are characterized by a dissimilar Lewis acidity as was shown by FT-IR spectroscopic determination of adsorbed CO molecules. [42] However, it is unclear which strength of Lewis acidity is needed to induce a CÀH/D activation step. Thus, it is very likely that only a fraction of the Lewis acidic surface acts catalytically.
In conclusion, highly Lewis acidic ACF and HS-AlF 3 are suitable catalysts for C À H/D bond activation, which enable efficient H/D exchange reactions at exceptionally mild conditions (40 8C). A high degree of deuterium incorporation into benzene and cycloalkanes has been achieved. However, the reactions are reversible, which implies that for a synthesis of highly deuterated alkanes a large excess of the deuterated substrate is needed. Note that for industrial applications, deuterated decaline can be synthesized on using D 2 or D 2 O as substrate and Pt/C as catalyst. [53] High conversion is obtained because the reactions are repeated under highpressure conditions up to eight times. Such conversions at non-precious metal catalysts may provide a new route to deuterated alkanes and arenes. Highly Lewis acidic surface sites as well as the presence of fluoride at the surface seem to be prerequisites for the CÀH/D bond activation step. Therefore, the bifunctionality of these distorted aluminium fluoride phases is a crucial property. [54] Experimental Section All solvents were purified, dried and distilled under an argon atmosphere using conventional methods. Cyclohexane, cyclopentane, cyclooctane and [D 6 ]benzene were dried by stirring over sodium potassium alloy and then distilled at atmospheric pressure. Benzene was dried over sodium, and toluene was dried by purification with the MBraun Solvent Purification System. C 6 D 12 (dry in ampoule) and hexamethylethane were obtained from Sigma-Aldrich and used as received. The water content of both deuterium sources was determined by Karl-Fischer titration (C 6 D 6 : 18 ppm; C 6 D 12 : 34 ppm). Ultra-dry AlCl 3 (ampoule) was obtained from Sigma-Aldrich and used as received. ACF, [39] and HS-AlF 3 , [43] were synthesised as previously reported.
Characteristic analytical data of HS-AlF 3 and ACF: Surface size of ACF is 101 m 2 g À1 , [40, 45] (BET); under-coordinated Al sites at the ACF surface were probed by 27 Al MAS NMR spectroscopy. [40] The vacant Al sites are strongly acidic. This has been confirmed by NH 3 -TPD measurements [45] and is supported by computational simulation. [40, 55] HS-AlF 3 has a surface of 323 m 2 g À1 (BET), [56] a particle size of 5 nm (DLS 95 % ) and 10 nm (TEM). [57] HS-AlF 3 contains 0.978 mmol g À1 [50a] acidic sites similar to ACF as determined by NH 3 -TPD. [45] CO FTIR measurements indicate the presence of the strongest Lewis sites ever detected at solid surfaces. [42] The NMR spectra were recorded at 300 K on a Bruker DPX 300 NMR spectrometer. All reactions were prepared in an argon-filled glovebox. The reactions were performed in Teflon-capped Young valve NMR tubes, which were kept at the indicated temperatures for 22 h. Selected catalytic experiment: (Figure 1 ): ACF (43 mg, 0.5 mmol) was filled into a Young valve NMR tube, followed by the addition of benzene (100 mL, 85 mg, 1.12 mmol) and C 6 D 12 (500 mL , 447 mg, 4.63 mmol). The reaction mixture was kept at 110 8C for 22 h. Then the NMR tube was cooled to room temperature and the conversion was determined by 1 H NMR spectroscopy using hexamethyldisilane (20 mL) as standard. The deuterium incorporation was qualitatively verified by 2 H NMR, 13 C NMR and MS analysis (see Supporting Information for spectra and further information).
